ABSTRACT Claw-pole alternators are particularly important for vehicle power generation due to their low cost, simple design, and mechanical robustness. High and low temperatures around vehicle claw-pole alternators (VCPAs) change their internal temperature distributions, thus thermal analysis is required for designing VCPAs. Aiming at improving the accuracy of evaluating the temperature of VCPAs, a novel lumped parameter thermal network (LPTN) is proposed to analyze the steady-state temperature of a double excitation VCPA under various ambient temperatures. The forced convection coefficients are calibrated in order that the LPTN can simulate the real heat transfer of the VCPA. The nonlinear least square method is applied to obtain the calibrated coefficients within a range of the tested ambient temperatures. Moreover, the effectiveness of the proposed method is verified via simulation studies, whereby the results show that the proposed LPTN with calibrated convection coefficients can accurately evaluate the temperature of VCPAs. Finally, these results soundly supply the technical knowledge for the thermal analysis and facilitate selecting the optimal scheme for machine designers.
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I. INTRODUCTION
Claw-pole motors are widely used in vehicle alternators due to their simple structure, robustness, and durability. As the space in the engine room where VCPAs are located is limited, designing VCPAs with high power density becomes important in supplying more electricity to vehicle appliances [1] , [2] . The improvement of motor power density can be realized by optimizing motor design studied in [3] , [4] and control algorithm introduced in [5] - [7] . However, these improvements aggravate the temperature limitation, which has a damaging effect on the lifetime and performance of the alternator. Thus, thermal analysis is used in conjunction with electromagnetic design for providing verification prior to prototype realization [8] , [9] . Lumped parameter thermal network (LPTN) is one of the important methods for thermal analysis, which is universally adopted to evaluate temperature in initial stage of motor design. Although this method could save calculation time, the accuracy of LTPN is slightly lower than that of finite element analysis (FEA) for temperature predictions. In recent years, researchers have been endeavoring to improve the accuracy of LPTN, where the methods used can be divided into two categories. One of the methods is improvement of LPTN model by increasing the number of nodes. In [10] , L.Jae-Gil et al. proposed a LPTN of novel structures permanent magnet (PM) motor, which considered the additional heat transfers in the motor. In [11] , M. Lihong et al. presented a three-dimensional (3-D) LPTN model for flux-switching permanent magnet machine, whereby the results verified that the defined LPTN model had a favorable ability to predict the nodal temperatures with high accuracy. In [12] , Z. Shukuan et al. evaluated a three-terminal LPTN to deal with temperature overestimation in the traditional LPTN. In [13] , C. Qixu et al. explored the possibility of increasing the number of node in LPTN to improve the accuracy of the thermal analysis. The method of improving LPTN model was also applied to thermal analysis of claw-pole alternators. In [14] , a 3-D LPTN model was employed for increasing the optimization efficiency of a PM claw-pole motor, by which the results show good performance with the improved motor. Unfortunately, these developments may improve the accuracy of thermal analysis but comes at the cost of increasing the computation time. The other method of promoting the accuracy of LPTN is calibrating thermal coefficients, which mainly include the free and the forced convection coefficients. J. Godbehereet et al. identified the heat transfer coefficients of end-winding for an induction motor by experiments [15] . Y. Gai et al. calibrated the forced convection coefficients of a traction motor, in which the results give a better understanding of the rotating effect on the flow [16] . The method of calibrating thermal coefficients has also been used by researchers to improve the LPTN accuracy of claw-pole motors. M. Rakotovao built a simplified LPTN for thermal analysis of a claw-pole machine, moreover, the thermal coefficients are obtained by analysis of computational fluid dynamics (CFD) and FEA [17] . O.Maloberti et al. explored the variation of the forced convection coefficients with the VCPA speed, whereby the obtained conclusions provide some references for the VCPAs' thermal analysis using LPTN [18] .
However, constant thermal coefficients have been assumed in the above literature. Remarkably, U. Berardi et al. reported that the study variation of conductivity with temperature may be a meaningful topic [19] . S. Patankar provided a detailed relationship between the thermal conductivity of electrical materials and their body temperature [20] . In recent years, the variation of thermal coefficients has attracted considerable attentions [21] - [23] . Specifically, S. Ayat et al. analyzed the influence of the slot insulation materials on the temperature distribution of electrical machine [21] . J. E. Cousineau et al. investigated the role of air thermal conductivity of the electric machine stator-to-cooling jacket in thermal analysis [22] . A. Doyle et al. analyzed the temperature distribution in the vehicle cabin space under various ambient weather conditions [23] .
As mentioned above, the temperature variation around the VCPA is large, resulting in changes in the forced convection coefficients, nevertheless, little attention has been paid to the effect of ambient temperature on thermal convection coefficients of the VCPA. Therefore, this paper comprehensively considers the ambient temperature in thermal analysis of the VCPA using LPTN. In this context, this paper could not only complement the technical knowledge of thermal analysis, but also expand the application of LPTN in the VCPA.
The structure of this paper is as follows: Section 2 presents the method of improving thermal analysis accuracy in detail. Section 3 verifies the the effectiveness of the proposed method.
II. PROPOSED METHOD OF IMPROVING THERMAL ANALYSIS ACCURACY OF LPTN FOR VCPA
This section shows the proposed method for improving thermal analysis accuracy of LPTN for VCPAs. A VCPA prototype and a temperature test bench are firstly shown, and the relevant experiment tests and related results are presented. Then, a simplified LPTN model of the VCPA is proposed. Finally, the process and results of calibrating thermal convection coefficients are presented.
A. THE ALTERNATOR PROTOTYPE AND TEST BENCH
The prototype of the studied VCPA, including its main components is shown in Fig. 1 , and the basic parameters of the VCPA are listed in Table 1 . The VCPA is similar to a direct-current (DC) alternator, which consists of a front end cap (1 in Fig. 1 ), a front end bearing (6 in Fig. 1 ), a stator (4 in Fig. 1 ), a rotor (3 in Fig. 1 ), a rear end bearing (6 in Fig. 1 ), a rear end cap (5 in Fig. 1 ), and two axial-flow fans (2 and 9 in Fig. 1 ) that installed on the shaft. The magnetic pole of the rotor is designed as a claw-pole structure, and a pair of claw poles equipped with an excitation coils and permanent magnets (8 in Fig.1 ) are staggered and arranged on the shaft (7 in Fig. 1 ). As the rear end cap installed in stator core consists of a regulator and a rectifier, the stator structure of the VCPA is more complicated when comparing with a DC alternator. The duty of the regulator (11 in Fig. 1 ) is to maintain the alternator voltage unchanging with fluctuated load and altered speed, and to ensure that the battery is well charged. Diodes of the rectifier (12 in Fig. 1 ) change the alternating current in the armature winding of the alternator into direct current, which are more durable and simpler than traditional carbon brushes. In addition, the stator core can directly transfer heat to the external air. In order to increase the forced convection between the end-windings and the outside air, the front end cap and the rear end cap adopt an open structure. Furthermore, the existences of the unenclosed end caps and axial flow fans result in forced convection on the surface of the motor-frame (for standard consistence with the published literatures, the heat transfer of stator core is still called the heat transfer of motor-frame in this paper).
The test bench for steady-state temperature of the VCPA is shown in Fig. 2 , which can collect voltage, current, rotation speed and temperature information simultaneously during motor or generator operation. The test bench has a closed cabinet, which owns a device to control temperature. The adjustment range of that device evolves from −50 • C to 170 • C. Moreover, the driving system in the test bench adopts stable and reliable servo motors, which can meet the test requirements of rapid changes in speed and time.
As K-type thermocouples are embedded in stator slot winding and end-winding, the temperatures of the stator windings are measured by them. In addition, the measured temperature instrument, JK-8, is adopted, whereby its measuring range is −40 • C-300 • C, and the resolution is 0.1 • C. Additionally, the temperature of the excitation winding is obtained by the resistance method. When the ambient temperature is 23 • C, the phase resistance of the stator winding is 0.08 and the resistance of the excitation winding is 2.25 .
B. EXPERIMENTAL TEST AND RELATED RESULTS
Based on the previously described test bench, the following tests have been performed on the VCPA prototype.
1) Thermal test with a DC supply connecting the six windings with the rotor still. The test is used as a reference condition for the establishment of the thermal model.
2) The thermal tests are carried out under the condition that the prototype runs in power generation, and the rotor running at a constant speed imposed by the driven motor. The following mechanical speeds have been considered: 1500 rpm, 2000 rpm, 2500 rpm, . . ., 14000 rpm, 14500 rpm, and 15000 rpm, where the test sequence is from low speed to high speed. In particular, the test is firstly carried out under ambient temperatures 23 • C and then 80 • C.
In those tests, the temperature of stator winding, the resistance of excitation winding, and positive output current are measured in thermal steady-state. When the temperature difference between the two adjacent 30-minute intervals is less than 1 • C, the thermal steady-state is considered to have been reached. Notably, resistance of rotor excitation winding should be measured as soon as possible after each experiment. In addition, the next experiment can only be carried out when the resistances of stator winding and excitation winding are equal to the initial values.
The experimental results are presented in Fig. 3 . The solid symbols in Fig. 3 The results in Fig. 3 show that when the temperature in the closed cabinet is 23 • C, the highest temperature appears in end-winding, the following one in slot winding, and the lowest temperature in the excitation winding. In addition, a large difference exists between the end-winding temperature and the excitation winding temperature. The maximum difference is 85.4 • C, when the speed reaches 3500 rpm.
When the temperature around the prototype is 80 • C, however, an interesting and important finding is that the end-winding temperature is close to the temperature of excitation winding. The end-winding temperature is slightly lower than that of the excitation winding during 1500 rpm-4000 rpm, whereas the order of the two is reversed during 4000 rpm-10000 rpm. After 10000 rpm, the end-winding temperature is almost constant, while the temperature of excitation winding drops rapidly. The maximum difference among them is 34.3 • C, and the corresponding speed is 13500 rpm.
The increase of ambient temperature results in less thermal exchanges on the surface of motor-frame and end-winding.
In this context, the heat sources of the rotor will concentrate in the excitation winding. In addition, the experimental results further verify that the forced convection coefficients vary with ambient temperature.
C. THERMAL ANALYSIS OF VCPA USING SIMPLIFIED LPTN
The purpose of this paper is to improve the accuracy of LPTN by combining experimental results and thermal model. The experimental process and results are given above. Therefore, the following work is to propose a suitable LPTN for the VCPA.
The LPTN consists of heat sources, thermal resistances and capacitances, which are connected to thermal nodes. Noticeably, the thermal capacitances are neglected in LPTN when only predicting the steady-state temperatures [24] .
1) THERMAL MODELING
Although the intricate LPTN (maximum approximation finite element method) contributes an accurate temperature computation, it consumes considerable time and computer hardware resources. Recent literature has shown that reduced node LPTN can achieve the same accuracy level of more complex LPTN [25] . On this basis, a comparative analysis of thermal conduction resistance was implemented to reduce the number of nodes. Thermal resistances in LPTN include thermal conduction resistance, thermal convection resistance, and equivalent conduction resistance. The expression of thermal conduction resistance can effectively describe the whole conduction process between two assemblies of a motor.
where,R A-B is thermal conduction resistance between assembly A and assembly B, l A is path length of A, l B is path length of B, δ is the interface gap, k A is the thermal conductivity of A, k B is the thermal conductivity of B, k δ is thermal conductivity of matter in gap, A A is surface area of A, A B is surface area of B, A δ is surface area of interface gap. According to (1), the thermal conduction resistance within one assembly is much smaller than that between two assemblies due to the interface gap. Thus, the axial heat transfer in one assembly of the alternator is neglected except the stator winding as its particularity and importance in thermal analysis. The winding contains two nodes representing the end-winding and slot-winding, while other assembly is indicated by a node. Furthermore, the fans, bearings, rectifier bridges, and regulators, which have small heat flow and complex structure are neglected in the modeling. For the structural symmetry of the VCPA, only a quarter of the whole model is established, as shown in Fig. 4 , where the conceptual blueprint of reduced nodes LPTN is depicted.
As can be seen from Fig. 4 , the simplified LPTN neglects axial heat transfers, and contains 10 nodes. Namely, 5 nodes are used for the stator, 4 nodes for the rotor, and 1 node for inner air. The nodes temperature accounts for the average temperature of the corresponding alternator assemblies. The end-winding node is connected axially to the slot nodes and radially to the inner air. The motor-frame nodes are connected radially to the yoke nodes and the outer air.
As the described LPTN is implemented in MATLABSimulink, determinations of the heat sources and the thermal resistances are necessary to compute the temperature of nodes.
2) THERMAL SOURCE ESTIMATION
i) Joule loss.
Joule losses (P EW , P W and P ExW ) can be calculated by (2) .
where, P J is joule loss, 0.37 is the current conversion coefficient for the rectifier, m is the phase number, I is the tested output current, R is phase resistance. As can be seen from Table 1 , the prototype is a low-voltage, high-current alternator. Therefore, joule loss accounts for a large proportion of the total loss. It should be emphasized that the resistances of stator and rotor windings vary with the temperature. Moreover, the joule losses (P EW and P W ) provided by the heat source are proportional to the copper volume.
ii) Core loss. Core losses (P Y and P T ) were calculated with the nonlinear lumped parameter equivalent circuit model proposed in [26] .
iii) Eddy current loss of PM. Eddy current loss of PM (P F ) was obtained by FEA in this paper.
3) THERMAL RESISTANCE DETERMINATION
Thermal resistance is depended on thermal conductivity and forced convection coefficients. As temperature has less influence on thermal conductivity [27] , the present paper only gives special consideration to thermal resistance of convection. In other words, the thermal conduction resistance are the known, whereas the thermal convection resistance R 0 and R EW-IA are unknown. i)Thermal conduction resistance. The thermal conduction resistance can be obtained by the material conductivity of the alternator assemblies and their mechanical parameters, where thermal conductivities are chosen from literature, according to the material [28] .
ii)Thermal convection resistance. The thermal convection resistance is equal to the reciprocal of the convective coefficient multiplied by the surface area. The convective resistances, R 0 and R EW-IA , are calculated by (3), and (4).
where, h MF is the forced convection coefficient of the motorframe, h EW is the forced convection coefficient of the endwinding, n is the rotor speed, T am is ambient temperature, A MF is surface area of motor-frame, A EW is surface area of end-winding. What needs to be calibrated in this paper are h MF and h EW , for these two critical parameters, the possible range of variation is defined in literature [28] .
D. CALIBRATION PROCESS
As the experimental results and thermal steady-state equations have been presented, the next work is to calibrate the thermal convection coefficients.
The method to determine the heat transfer coefficient is that thermal resistance is firstly calculated by using the known experiment results of temperature and loss, and then the nonlinear least square method is used for calibrating the forced convection coefficients.
According to the known heat sources, thermal resistance of conduction, mechanical parameters, tested temperatures, and the range of the forced convection coefficients, h MF and h EW are calibrated. The solution proposed looks for an objective minimum function that acts on output temperatures with a simple convergence method that checks the stability of final results. The flowchart of calibration is provided in Fig. 5 . In fact, many combinations of h MF and h EW can meet the requirements in calibrating steps, thus the step of verification is used for finding the correct one in these combinations.
E. CALIBRATION RESULTS
According to the steps in the Fig. 5 , two calibrated coefficients are obtained, as shown in Fig. 6 . The results indirectly show that the increase of ambient temperature can improve VOLUME 7, 2019 the cooling capacity of the VCPA. Moreover, the effects of ambient temperature on the convective coefficients of the motor-frame and the end-winding are different. The calibrated coefficient of end-winding is higher than that of motor-frame during 20 • C-60 • C, whereas the results are contrary within the range of 60 • C-80 • C. Remarkably, the calibrated coefficients hardly change with the rotation speed.
The rise of ambient temperature accelerates the movement of air molecules, which increases the times of heat exchange. The constant calibration coefficients with speed shows that the published equations in [28] are accurate and suitable for the studied speed range.
III. VERIFICATION OF CALIBRATED COEFFICIENTS AND IMPROVEMENT OF ACCURACY OF LPTN
In this section, the verifications were presented to investigate that the proposed LPTN with the calibrated coefficients improve the accuracy of the thermal analysis.
The thermal tests of steady state for the prototype in rated condition (6000 rpm) were carried out using the test bench introduced in Fig. 2 . These experimental results include the temperatures of end-winding and excitation winding. Then, the corresponding calculation results are obtained by the proposed LPTN with the calibrated coefficients. Both of the results are shown in Fig.7 . The proposed LPTN with calibrated coefficients takes into account the change of cooling capacity caused by ambient temperature, which is more in line with the actual situation of heat transfer than that with un-calibration. In this paper, the calibration is based on the experimental results under 23 • C and 80 • C, and the correctness is judged by the experimental result under 50 • C, thus the error is small around these three temperatures. The comparisons verify the original intention of this paper, that calibration of thermal convection coefficients with ambient temperature can improve the accuracy of the thermal analysis.
IV. CONCLUSION
This paper has calibrated the convective coefficients of end-winding and motor-frame based on the experiments. A simplified LPTN model suitable to describe the thermal behavior of the VCPA has been proposed and discussed comprehensively. In addition, the impacts of ambient temperature on thermal distribution of the VCPA were obtained. The conclusions are drawn based on the respective observations and listed as follows:
i. Ambient temperature affects the cooling capacity of the VCPA. Within the tested temperature range of 23 • C-80 • C, with the increases of ambient temperature, the cooling capacity of the alternator is gradually enhanced.
ii. Ambient temperature changes the temperature distribution of the VCPA. When the ambient temperature increases from 23 • C to 80 • C, the position of the highest temperature in the VCPA is transferred from end-winding of stator to excitation winding of rotor. Therefore, extra attentions should be dedicated to the rotor insulation of the VCPA.
iii. In comparison with the uncalibrated condition, the method proposed in this paper reduces the average error of thermal analysis for the VCPA by 2%.
The method proposed in this paper can be applied to thermal analysis of other motors under extreme temperatures. Furthermore, the calibration coefficients obtained in this paper can also be used in other methods to calculate the temperature of the VCPA. As the maximum temperature of the VCPA is close 200 • C, it is worth noting that the thermal conductivity of a material changes with temperature. For this reason, in our future work, consideration of the relationship between the thermal conductivity of the material and its body temperature is valuable to further improve the calculation accuracy of the thermal model. 
